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SUMMARY 
The s t a t i c  i n t e r n a l  performance of  a m u l t i f u n c t i o n  n o z z l e  h a v i n g  some of t h e  
g e o m e t r i c  c h a r a c t e r i s t i c s  of b o t h  two-dimensional c o n v e r q e n t - d i v e r g e n t  and s i n q l e  
expans ion  ramp n o z z l e s  h a s  been i n v e s t i g a t e d  i n  t h e  s t a t i c - t e s t  f a c i l i t y  of  t h e  
Langley 16-Foot T r a n s o n i c  Tunnel .  The i n t e r n a l  expans ion  p o r t i o n  of t h e  n o z z l e  con- 
s i s t e d  of two symmetrical f l a t  s u r f a c e s  of e q u a l  l e n g t h ,  and t h e  e x t e r n a l  expans ion  
p o r t i o n  of  t h e  n o z z l e  c o n s i s t e d  of a s i n g l e  a f t  f l a p .  The a f t  f l a p  c o u l d  be v a r i e d  
i n  a n g l e  i n d e p e n d e n t l y  of t h e  upper  i n t e r n a l  expans ion  s u r f a c e  t o  which it w a s  
a t t a c h e d .  The e f f e c t s  of  i n t e r n a l  expans ion  ra t io ,  n o z z l e  t h r u s t - v e c t o r  a n g l e  ( - 3 O O  
t o  3O0), a f t  f l a p  shape ,  a f t  f l a p  a n g l e ,  and s i d e w a l l  c o n t a i n m e n t  were de te rmined  f o r  
d r y  and a f t e r b u r n i n g  power s e t t i n g s .  I n  a d d i t i o n ,  a p a r t i a l  a f t e r b u r n i n g  power set- 
t i n g  n o z z l e ,  a f u l l y  deployed t h r u s t  r e v e r s e r ,  and f o u r  v e r t i c a l  t a k e o f f  o r  l a n d i n g  
n o z z l e  c o n f i q u r a t i o n s  w e r e  i n v e s t i g a t e d .  Nozzle p r e s s u r e  r a t io  w a s  v a r i e d  up t o  10  
f o r  the d r y  power n o z z l e s  and 7 € o r  t h e  a f t e r b u r n i n g  power n o z z l e s .  
R e s u l t s  of  t h e  i n v e s t i q a t i o n  i n d i c a t e  t h a t  t h i s  n o z z l e  c o n c e p t  p rov ided  r e l a -  
t i v e l y  h i g h  pe r fo rmance  l e v e l s  t h r o u g h o u t  t h e  v e c t o r  a n g l e  r a n g e .  Nozzle d i s c h a r g e  
c o e f f i c i e n t  w a s  dependen t  upon t h e  t h r u s t - v e c t o r  a n g l e  b u t  i n d e p e n d e n t  of f low 
d i r e c t i o n  ( e i t h e r  up or down). The t h r u s t - r e v e r s e r  c o n f i g u r a t i o n  p rov ided  l e v e l s  of  
r e v e r s e  t h r u s t  pe r fo rmance  w e l l  i n  e x c e s s  o f  50 p e r c e n t .  
INTRODUCTION 
Development of t u r b i n e  e n g i n e s  f o r  a i r c r a f t  p r o p u l s i o n  sys t ems  h a s  been accom- 
p a n i e d  by t h e  e v o l u t i o n  of t h e  ax i symmet r i c  ( c i r c u l a r  cross s e c t i o n s )  n o z z l e  because  
of  i t s  l o g i c a l  i n t e g r a t i o n  a d v a n t a g e s .  E x t e n s i v e  e x p e r i e n c e  w i t h  ax i symmet r i c  
n o z z l e s  has produced t h e  c a p a b i l i t y  t o  d e s i g n  s t r u c t u r a l l y  and t h e r m a l l y  e f f i c i e n t  
e x h a u s t  sys t ems  w i t h  h i g h  i n t e r n a l  performance f o r  many a p p l i c a t i o n s .  However, ex- 
p e r i m e n t a l  i n v e s t i g a t i o n s  ( r e f s .  1 t h rough  4 )  have shown t h a t  a i r p l a n e  performance 
p e n a l t i e s  can  o c c u r  when t h e  e x h a u s t  system i s  i n t e g r a t e d  i n t o  t h e  a i r f r a m e  on some 
twin -eng ine  f i g h t e r  a i r c r a f t .  The most s i q n i f i c a n t  i n s t a l l a t i o n  p e n a l t i e s  (increased 
d r a g )  o c c u r  on tw in -eng ine  c o n f i g u r a t i o n s  where t h e  e n q i n e s  are mounted s i d e  by s ide  
i n  t h e  f u s e l a g e  and t h e  n o z z l e s  are blended i n t o  t h e  a f t e r b o d y  a l o n q  w i t h  o t h e r  a i r -  
p l a n e  components such  as v e r t i c a l  and h o r i z o n t a l  s t a b i l i z e r s .  The i n s t a l l a t i o n  of 
e n g i n e s  and o t h e r  components a t  t h e  rear of twin-engine f i q h t e r  c o n f i g u r a t i o n s  t e n d s  
t o  r e s u l t  i n  a n  a f t e r b o d y  t h a t  is more n e a r l y  r e c t a n q u l a r  i n  s h a p e  t h a n  round. T h i s  
i n s t a l l a t i o n  r e s u l t s  i n  e x t e r n a l  f u s e l a g e  l i n e s  ( n e a r l y  r e c t a n g u l a r  a t  t h e  i n l e t  
s t a t i o n )  which must  t r a n s i t i o n  t o  t w o  d i s t i n c t  c i r c u l a r  s h a p e s  a t  t h e  n o z z l e s .  T h i s  
t r a n s i t i o n  o f t e n  r e s u l t s  i n  complex a f t e r b o d y  shapes  and can  p roduce  l a r g e  b o a t t a i l  
a n g l e s ,  bases, and  g u t t e r s  t h a t  c o n t r i b u t e  t o  t h e  i n s t a l l a t i o n  d r a g  p e n a l t y .  
Many s t u d i e s  have been made of t h e  a p p l i c a t i o n  of nonaxisymmetr ic  n o z z l e s  t o  
f i g h t e r  a i r p l a n e  c o n f i g u r a t i o n s  hav ing  m i s s i o n s  r e q u i r i n g  e x t e n s i v e  maneuver c a p a b i l -  
i t y  ( refs .  5 and 6). The nonaxisymmetr ic  n o z z l e  o f f e r s  i n t e r n a l  performance compara- 
b l e  w i t h  t h a t  of ax i symmet r i c  n o z z l e s  and is more amenable t o  t h e  i n c o r p o r a t i o n  of 
t h r u s t  v e c t o r i n g  and t h r u s t  r e v e r s i n g  f o r  a d d i t i o n a l  a i r p l a n e  maneuver and c o n t r o l  
c a p a b i l i t y .  The i n h e r e n t  s t r u c t u r a l  we iqh t  advantage of  t h e  ax i symmet r i c  n o z z l e  is 
l o s t  when d e f l e c t i o n  of t h e  t h r u s t  v e c t o r  fo r  powered l i f t  or c o n t r o l  i s  r e q u i r e d .  
I n  a d d i t i o n ,  t h e  nonaxisymmetr ic  n o z z l e  p r e s e n t s  t h e  o p p o r t u n i t y  t o  a v o i d  a i r p l a n e  
per formance  l o s s e s  by improvinq a f t - e n d  i n t e q r a t i o n .  
Two types  of nonaxisymmetr ic  n o z z l e s  on which s i q n i f i c a n t  e x p e r i m e n t a l  i n t e r n a l  
per formance  d a t a  are  ava i l ab le  are t h e  two-dimensional  c o n v e r q e n t - d i v e r g e n t  n o z z l e  
( r e f s .  7 th rough 10) and t h e  s i n q l e  expans ion  ramp n o z z l e  (refs.  7 and 1 1  t h rouqh  
1 3 ) .  The two-dimensional  c o n v e r q e n t - d i v e r g e n t  n o z z l e  i n c o r p o r a t e s  i d e n t i c a l  uppe r  
and lower expans ion  s u r f a c e s  of e a u a l  l e n q t h  so  t h a t  t h e  f low expans ion  process (noz-  
z l e  unvec to red )  o v e r  t h e  d i v e r q i n g  s u r f a c e s  i s  symmetr ic  i n  t h e  ve r t i ca l  p l a n e .  The 
s i n g l e  expans ion  ramp n o z z l e  i s  nonsymmetric and expands t h e  f l o w  b o t h  i n t e r n a l l y  and 
e x t e r n a l l y .  One expans ion  s u r f a c e  of t h e  s i n q l e  expans ion  ramp n o z z l e  i s  much l o n g e r  
t h a n  t h e  o t h e r .  I n t e r n a l  expans ion  o c c u r s  between t h e  t h r o a t  and t r a i l i n q  edge  of 
t h e  s h o r t  expans ion  s u r f a c e  ( f l o w  bounded by t w o  expans ion  s u r f a c e s )  and e x t e r n a l  
expans ion  occur s  o v e r  t h e  e x t e r n a l  p o r t i o n  of  t h e  l o n g e r  s u r f a c e  ( f l o w  bounded by 
e x t e r f i a l  p o r t i o n  of long  s u r f a c e  and f r e e - a i r  boundary ) .  These n o z z l e s  u s u a l l y  i n -  
corporate e x t e n s i v e  s u r f a c e  c u r v a t u r e  on t h e  l o n g  expans ion  s u r f a c e  and t h e r e f o r e  do 
n o t  have  symmetric i n t e r n a l  o r  e x t e r n a l  expans ion  processes. 
The p r e s e n t  paper c o n t a i n s  t h e  s t a t i c  i n t e r n a l  per formance  of a m u l t i f u n c t i o n  
n o z z l e  hav ing  some of t h e  geometric c h a r a c t e r i s t i c s  o f  b o t h  two-dimens iona l  
c o n v e r g e n t - d i v e r g e n t  and s i n q l e  expans ion  ramp n o z z l e s .  T h i s  n o z z l e  expands  t h e  f low 
i n t e r n a l l y  as a two-dimensional  c o n v e r g e n t - d i v e r g e n t  n o z z l e  (symmetric e x p a n s i o n )  and 
e x t e r n a l l y  over  an a f t  f l a p  as a s i n q l e  expans ion  ramp n o z z l e .  The i n t e r n a l  expan- 
s i o n  p o r t i o n  of t h e  n o z z l e  geometry  c o n s i s t e d  of  t w o  i d e n t i c a l  f l a t  s u r f a c e s  of e q u a l  
l e n g t h .  The e x t e r n a l  p o r t i o n  of  t h e  n o z z l e  ( o r  a f t  f l a p )  c o u l d  be v a r i e d  i n  a n q l e  
i n d e p e n d e n t l y  of t h e  i n t e r n a l  expans ion  s u r f a c e  t o  which i t  w a s  a t t a c h e d .  The e f -  
f e c t s  of  i n t e r n a l  expans ion  ra t io ,  n o z z l e - t h r u s t - v e c t o r  a n g l e  (-3OO t o  3 0 ° ) ,  a f t  f l a p  
shape ,  a f t  f l a p  a n q l e ,  and s i d e w a l l  con ta inmen t  w e r e  d e t e r m i n e d  f o r  d r y  and a f t e r -  
b u r n i n q  power s e t t i n g s .  A p a r t i a l  a f t e r b u r n i n q  power s e t t i n q  n o z z l e  w a s  i n v e s t i q a t e d  
by u s i n g  components from t h e  d r y  and a f t e r b u r n i n q  n o z z l e  c o n f i q u r a t i o n s .  A f u l l y  
deployed  t h r u s t  r e v e r s e r  and Four v e r t i c a l  t a k e o f f  or l a n d i n q  n o z z l e  c o n f i g u r a t i o n s  
were a l so  i n v e s t i g a t e d .  T h i s  i n v e s t i g a t i o n  w a s  conduc ted  i n  t h e  s t a t i c - t e s t  f a c i l i t y  
o f  t h e  Langley 16-Foot T r a n s o n i c  Tunnel  a t  n o z z l e  p r e s s u r e  r a t io s  u p  t o  10 f o r  unvec- 
t o r e d  d r y  power n o z z l e s  and up  t o  7 f o r  a f t e r b u r n i n q  power n o z z l e s .  
SYMBOLS 
A l l  t h e  f o r c e s  ( w i t h  t h e  e x c e p t i o n  of  r e s u l t a n t  g r o s s  t h r u s t )  and a n g l e s  a re  
r e f e r r e d  t o  t h e  model c e n t e r l i n e  (body a x i s ) .  A d e t a i l e d  d i s c u s s i o n  of t h e  d a t a -  
r e d u c t i o n  and c a l i b r a t i o n  p r o c e d u r e s  as w e l l  as d e f i n i t i o n s  of  f o r c e s ,  a n g l e s ,  and  
p r o p u l s i o n  r e l a t i o n s h i p s  used  h e r e i n  can  be found i n  r e f e r e n c e  7.  
2 n o z z l e - e x i t  area,  i n  ( A e  measured i n  t h e  v e r t i c a l  p l a n e  a t  end  o f  Ae 
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2 g r a v i t a t i o n a l  c o n s t a n t ,  32.1 7 f t / s e c  
nominal n o z z l e - t h r o a t  h e i g h t  f o r  d r y  power n o z z l e s ,  0.92 i n .  
nominal l e n g t h  of t h e  f l a t  a f t  f l a p ,  i n .  (see f i g .  1 0 ( b ) )  
measured p i t c h i n q  moment ( a b o u t  p o i n t  on model c e n t e r l i n e  a t  s t a t i o n  
29.391, i n - l b  (see f i q .  l ( b ) )  
measured normal f o r c e ,  l b f  (see f i g .  l ( b ) )  
n o z z l e  p r e s s u r e  r a t i o ,  
local s t a t i c  pressure, p s i  
ambien t  p r e s s u r e r  p s i  
j e t  t o t a l  p r e s s u r e ,  p s i  
g a s  c o n s t a n t ,  1716 f t2/sec2-OR 
model s t a t i o n ,  i n .  
j e t  t o t a l  temperature, OR 
i d e a l  weight-f low rate ,  lb/sec 
measured weight-f low r a t e ,  lb/sec 
a x i a l  c o o r d i n a t e  measured from n o z z l e  c o n n e c t  s t a t i o n  ( S t a .  41.131, i n .  
a x i a l  component of o r i f i c e  c o o r d i n a t e  sys t em w i t h  o r i g i n  a t  t h e  t e rmina -  
p t  , /pa 
t i o n  of upper  and lower n o z z l e  d i v e r g e n t  flap s u r f a c e s ,  i n .  (see 
f i g .  10) 
v e r t i c a l  c o o r d i n a t e  measured from h o r i z o n t a l  model c e n t e r l i n e  ( p o s i t i v e  
upwards 1, i n .  
a f t  f l a p  i n i t i a l  a n g l e ,  deq (see f i g .  2 )  
r a t i o  of s p e c i f i c  h e a t s ,  1.3997 f o r  a i r  
i n c r e m e n t a l  v a l u e  
r e s u l t a n t  t h r u s t - v e c t o r  a n g l e ,  tan- '  (N/F) , deg 
l o w e r  f l a p  a n g l e ,  deg (see f i g .  2 )  
u p p e r  f l a p  a n g l e ,  deq (see f i q .  2)  
g e o m e t r i c  t h r u s t - v e c t o r  a n g l e  measured from h o r i z o n t a l  r e f e r e n c e  l i n e ,  
6 - 6  
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P d i v e r g e n c e  a n g l e  of  n o z z l e  d i v e r q e n t  f l a p  s u r f a c e ,  deg  
0 a f t  f l a p  t e r m i n a l  a n g l e ,  0 = a f o r  f l a t  a f t  f l a p  (see f i q .  2 )  
Nozzle  and n o z z l e  component d e s i g n a t i o n s :  
F i r s t  
A I  
A2 
A3 
D1 
P I  
P2 
V I  
v2 
v 3  
v4 
t w o  c h a r a c t e r s  i n  n o z z l e  c o n f i g u r a t i o n  d e s i q n a t i o n :  
a f t e r b u r n i n q  power s e t t i n g  w i t h  p = 2 . 7 O  
a f t e r b u r n i n q  power s e t t i n q  w i t h  p = l l .Oo  
a f t e r b u r n i n g  power s e t t i n g  w i t h  p = fi.85O and 6 ,  = k4.15' 
d r y  p o w e r  s e t t i n g  w i t h  p = 1 . 5 O  
p a r t i a l  a f t e r b u r n i n g  power s e t t i n q  w i t h  p = 2 .1°  
p a r t i a l  a f t e r b u r n i n g  power s e t t i n q  w i t h  p = 6.25O 
ve r t i ca l  t a k e o f f  o r  l a n d i n q  c o n f i q u r a t i o n  1 
v e r t i c a l  t a k e o f f  or l a n d i n g  c o n f i q u r a t i o n  2 
v e r t i c a l  t a k e o f f  or l a n d i n q  c o n f i q u r a t i o n  3 
v e r t i c a l  t a k e o f f  or l a n d i n q  c o n f i q u r a t i o n  4 
T h i r d  c h a r a c t e r  i n  n o z z l e  c o n f i q u r a t i o n  d e s i g n a t i o n :  
F f l a t  a f t  f l a p  s u r f a c e  
C cu rved  a f t  f l a p  s u r f a c e  
Four th  c h a r a c t e r  i n  n o z z l e  c o n f i g u r a t i o n  d e s i q n a t i o n :  
L long  s i d e w a l l s  
S s h o r t  s i d e w a l l s  
APPARATUS AND METHODS 
S t a t i c - T e s t  F a c i l i t y  
T h i s  i n v e s t i g a t i o n  w a s  conduc ted  i n  t h e  s t a t i c - t e s t  f a c i l i t y  ( r e f .  1 4 )  o f  t h e  
Langley  16-Foot T r a n s o n i c  Tunnel .  A l l  tests were conduc ted  w i t h  t h e  j e t  e x h a u s t i n q  
t o  t h e  a tmosphere .  T h i s  f a c i l i t y  u t i l i z e s  t h e  same c l e a n ,  d r y - a i r  s u p p l y  as  t h a t  
used i n  t h e  1 6 - ~ o o t  T ranson ic  Tunnel  and a s imi la r  a i r - c o n t r o l  sys t em,  i n c l u d i n g  
ValvinY, f i l t e r s ,  and a h e a t  exchange r  ( t o  o p e r a t e  t h e  j e t  f low a t  c o n s t a n t  s t a q n a -  
t i o n  t e m p e r a t u r e ) .  
4 
Sing le -Enq ine  P r o p u l s i o n - S i m u l a t i o n  System 
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A s k e t c h  of t h e  s i n g l e - e n g i n e  air-powered n a c e l l e  model ( r e f .  1 4 )  on which v a r -  
i o u s  n o z z l e s  w e r e  mounted i s  p r e s e n t e d  i n  f i g u r e  l ( a )  w i t h  a t y p i c a l  n o z z l e  c o n f i g -  
u r a t i o n  a t t a c h e d .  A n  e x t e r n a l  h i g h - p r e s s u r e  a i r  sys t em p r o v i d e d  a con t inuous  f l o w  
of  c l e a n ,  d r y  a i r  a t  a c o n t r o l l e d  t e m p e r a t u r e  of a b o u t  530°R ( a t  t h e  i n s t r u m e n t a t i o n  
s e c t i o n ) .  T h i s  h i g h - p r e s s u r e  a i r  w a s  v a r i e d  up t o  a p p r o x i m a t e l y  10 a t m  
( 1  atm = 14.7 psia) and w a s  b r o u g h t  t h rough  a dolly-mounted s u p p o r t  s t r u t  by s i x  
t u b e s  which c o n n e c t  t o  a h i g h - p r e s s u r e  plenum chamber. A s  shown i n  f i g u r e  l ( b ) ,  t h e  
a i r  w a s  t h e n  d i s c h a r g e d  p e r p e n d i c u l a r l y  i n t o  t h e  model l ow-pres su re  plenum th rough  
e i g h t  m u l t i h o l e d  s o n i c  n o z z l e s  e q u a l l y  spaced around t h e  h i g h - p r e s s u r e  plenum. T h i s  
method w a s  d e s i g n e d  t o  minimize any f o r c e s  imposed by t h e  t r a n s f e r  of a x i a l  momentum 
a s  t h e  a i r  i s  passed from t h e  nonmet r i c  h i g h - p r e s s u r e  plenum t o  t h e  metric (mounted 
t o  t h e  f o r c e  b a l a n c e )  l ow-pres su re  plenum. Two f l e x i b l e  metal h e l l o w s  are used as 
seals and s e r v e  to  compensate f o r  a x i a l  f o r c e s  caused by p r e s s u r i z a t i o n .  
The a i r  w a s  t h e n  passed  from the model low-pressure plenum ( c i r c u l a r  i n  c r o s s  
s e c t i o n )  t h rough  a t r a n s i t i o n  s e c t i o n ,  choke p l a t e ,  and i n s t r u m e n t a t i o n  s e c t i o n  which 
w e r e  common f o r  a l l  nonaxisymmetr ic  n o z z l e s  i n v e s t i g a t e d .  The t r a n s i t i o n  s e c t i o n  
p r o v i d e d  a smooth f l o w  p a t h  f o r  t h e  air€low from t h e  round low-pres su re  plenum to  t h e  
r e c t a n g u l a r  choke p l a t e  and i n s t r u m e n t a t i o n  s e c t i o n .  The i n s t r u m e n t a t i o n  s e c t i o n  had 
a f low-pa th  w i d t h - t o - h e i g h t  r a t i o  of 1.437 and was i d e n t i c a l  i n  geometry t o  t h e  noz- 
z l e  a i r f l o w  e n t r a n c e .  A l l  n o z z l e  c o n f i g u r a t i o n s  w e r e  a t t a c h e d  t o  t h e  i n s t r u m e n t a t i o n  
s e c t i o n  a t  model s t a t i o n  41 .13. 
Nozzle  Design and Models 
Nozzle  concep t s . -  - The two-dimensional  conve rgen t -d ive ige i i t  (2 -0  C - 0 )  n o z z l e  i s  a 
nonax i symmet r i c  e x h a u s t  sys t em i n  which a symmetric i n t e r n a l  c o n t r a c t i o n  and expan- 
s i o n  p r o c e s s  t a k e s  p l a c e  i n  t h e  v e r t i c a l  p l a n e .  Basic n o z z l e  components c o n s i s t  of  
uppe r  and lower f l a p s  t o  r e g u l a t e  t h e  c o n t r a c t i o n  and expans ion  p r o c e s s  and f l a t  noz- 
z l e  s i d e w a l l s  t o  c o n t a i n  t h e  f l o w  l a t e r a l l y .  The f l a p  i n n e r  s u r f a c e  geometry can  be  
v a r i e d  or  a l tered by a c t u a t o r s  so t h a t  ( 1 )  eng ine  power s e t t i n g  can be changed by 
v a r y i n g  t h e  t h r o a t  h e i g h t ,  and ( 2 )  expans ion  s u r f a c e  a n g l e  ( s u r f a c e  downstream of t h e  
t h r o a t )  c a n  be v a r i e d  for  optimum expans ion  of t h e  e x h a u s t  f l ow.  The two-dimensional  
n a t u r e  of t h e  f l a p s  and s i d e w a l l s  of t h e  2-D C-D n o z z l e  f a c i l i t a t e s  t h e  i n c o r p o r a t i o n  
Of pe r fo rmance  c a p a b i l i t i e s  n o t  r e a d i l y  amenable t o  ax i symmet r i c  d e s i q n s .  The 
2-D C-D n o z z l e  can  be d e s i g n e d  t o  ( 1 )  v e c t o r  t h e  e x h a u s t  f l o w  up o r  down by v a r y i n g  
t h e  geometry o f  t h e  upper  and l o w e r  f l a p s  and ( 2 )  r e v e r s e  o r  s p o i l  t h e  t h r u s t  by 
open ing  p o r t s  ups t r eam of t h e  t h r o a t  w h i l e  dep loy ing  i n t e r n a l  b l o c k e r s  from t h e  f l a p s  
t o  d i v e r t  t h e  f l o w  t o  t h e  t h r u s t - r e v e r s e r  p o r t s .  
The s i n g l e  expans ion  ramp n o z z l e  (SERN) c o n c e p t  i n c o r p o r a t e s  nonsymmetric 
i n t e r n a l / e x t e r n a l  f l ow expans ion .  B a s i c  SERN components c o n s i s t  of  ( 1 )  a two- 
d i m e n s i o n a l  v a r i a b l e - g e o m e t r y  c o n v e r g e n t - d i v e r g e n t  u p p e r - f l a p  assembly used t o  v a r y  
n o z z l e  power s e t t i n g  ( t h r o a t  a rea) ,  ( 2 )  a two-dimensional lower f l a p  used t o  v a r y  
i n t e r n a l  e x p a n s i o n  r a t i o ,  and ( 3 )  a two-dimensional p o r t i o n  of t h e  upper  f l a p  s e r v i n g  
as a n  e x t e r n a l  expans ion  s u r f a c e .  The t h r o a t  of a SERN i s  fo rward  of t h e  v a r i a b l e  
p o r t i o n  of  t h e  lower f l a p  so t h a t  power s e t t i n g  ( t h r o a t  area) is  independen t  of lower 
f l a p  a n g l e  ( i n t e r n a l  expans ion  r a t i o ) .  V a r i a t i o n s  i n  t h e  geometry of t h e  SERN upper  
f l a p  as sembly  g e n e r a l l y  a f f e c t  i n t e r n a l  and e x t e r n a l  expans ion  r a t i o  as w e l l  as power 
s e t t i n g .  Modera te  amounts of v e c t o r i n g  ( u p  t o  a b o u t  20°) can  be o b t a i n e d  from a SRRN 
by i n c o r p o r a t i n g  i n d e p e n d e n t  a c t u a t i o n  of a p o r t i o n  of  t h e  e x t e r n a l  expans ion  s u r f a c e  
i n t o  t h e  d e s i g n  ( r e f s .  4, 9, 1 1  , and 1 2 ) .  
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The nozz le  c o n c e p t  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  combines f e a t u r e s  o f  t h e  2-D C-D 
and S E W  concep t s  i n t o  a s i n g l e  n o z z l e  d e s i g n  w i t h  m u l t i f u n c t i o n  c a p a b i l i t y .  That 
i s ,  t h e  forward p o r t i o n  of  t h e  p r e s e n t  n o z z l e  c o n c e p t  i s  a 2-D C-D n o z z l e  w i t h  t h e  
a fo remen t ioned  power s e t t i n g ,  expans ion  r a t i o ,  and v e c t o r i n g  capab i l i t i e s  of  a 
2-D C-D nozz le .  The a d d i t i o n  of  a f l a p  a t  t h e  downstream end of t h e  uppe r  f l a p  of 
t h e  2-D C-D n o z z l e  p roduces  a n o z z l e  s imilar  i n  appea rance  t o  a SERN.  However, t h i s  
i n d e p e n d e n t l y  a c t u a t e d  a f t  f l a p  i s  p r i m a r i l y  used  f o r  e x t e r n a l  expans ion  or  as an  
a i r p l a n e  t r i m  o r  c o n t r o l  d e v i c e .  T h r u s t  v e c t o r i n g  would he  accompl ished  w i t h  t h e  
2-D C-D p o r t i o n  of t h e  n o z z l e  w i t h  t h e  a f t  f l a p  f o l l o w i n g  as a p o r t i o n  o f  t h e  uppe r  
f l a p .  Thrus t  r e v e r s i n g  would o c c u r  i n  t h e  c o n v e r g e n t  s e c t i o n  of t h e  n o z z l e  by  
d e p l o y i n g  p o r t i o n s  o f  t h e  upper  and lower f l a p s  t o  form a b l o c k e r .  
Unvectored- and v e c t o r e d - t h r u s t  n o z z l e  models  .- The n o z z l e  models  of t h e  p r e s e n t  I 
i n v e s t i g a t i o n  were a t t a c h e d  t o  t h e  p r o p u l s i o n  s i m u l a t i o n  sys tem ( f i g .  l ( a ) )  a t  s ta -  
t i o n  41.13 and had a c o n s t a n t  f l o w  p a t h  width. of 4.00 i n .  Nozzle geometry  w a s  v a r i e d  
by comnining i n t e r c h a n g e a b l e  upper ,  l o w e r ,  and a f t  f l a p s  and s i d e w a l l s .  The parame- 
ters €or unvec tored-  and v e c t o r e d - t h r u s t  n o z z l e s  w e r e  power s e t t i n g  ( t h r o a t  a r ea ) ,  
i n t e r n a l  expans ion  r a t i o ,  a f t  f l a p  a n g l e ,  a f t  f l a p  s h a p e ,  and s idewa l l  l e n g t h .  The 
v a l u e s  of unvec tored-  and v e c t o r e d - t h r u s t  n o z z l e  p a r a m e t e r s  s e l e c t e d  f o r  t h i s  i nves -  
t i g a t i o n  are p r e s e n t e d  i n  table  I,  and a s k e t c h  showing component a n q u l a r  s i q n  con- 
v e n t i o n s  is  p r e s e n t e d  i n  f i q u r e  2. S k e t c h e s  q i v i n q  geometric d e t a i l s  o f  some of  t h e  
unvec to red -  and v e c t o r e d - t h r u s t  n o z z l e  c o n f i g u r a t i o n s  are  p r e s e n t e d  i n  f i q u r e s  3 
th rough  5 ,  and d e t a i l s  of t h e  lonq  and s h o r t  s i d e w a l l s  are shown i n  f i q u r e  6.  The 
n o z z l e s  wi th  6.85O d i v e r g e n c e  a n q l e  w e r e  made up  from one  f l a p  from e a c h  of t h e  2.7O 
and  l l . O o  unvec to red  n o z z l e s  ( f i g .  3 ( a ) ) .  
T h r u s t - r e v e r s e r  n o z z l e  model.- The t h r u s t - r e v e r s e r  n o z z l e  r e s u l t i n q  from t h e  de- 
p loyed  2-D C-D components is  shown i n  f i g u r e  7 .  It  can  be s e e n  t h a t  t h e  upper  and 
l o w e r  po r t  pas sages  are n o t  i d e n t i c a l  ( formed th rouqh  d i f f e r i n q  s t r u c t u r e s ) .  The 
g e o m e t r i c  t h r o a t s  are t h e  same s i z e  and o c c u r  a t  t h e  same o r i e n t a t i o n  i n  e a c h  p o r t  
I 
s i g n e d  i n t o  t h e  por t  w a s  135'  ( b l o c k e r  a n g l e )  measured fo rward  from a h o r i z o n t a l  re f -  ' 
e r e n c e  l i n e .  G e o m e t r i c a l l y ,  a 135O r e v e r s e - t h r u s t  a n q l e  c a n  p r o v i d e  a 70 .7-percent  I 
component of t h r u s t  i n  t h e  reverse d i r e c t i o n .  
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between p o i n t  C on t h e  f l a p  and t h e  b l o c k e r  s u r f a c e .  The r e v e r s e - t h r u s t  a n q l e  de- 
I 
V e r t i c a l  t a k e o f f  or l a n d i n g  n o z z l e  model.- Four  n o z z l e  c o n f i g u r a t i o n s  d e s i g n e d  
t o  d e f l e c t  t h e  t h r u s t  v e c t o r  downward 90° f o r  v e r t i c a l  t a k e o f f  or l a n d i n g  are shown 
I 
i n  f i g u r e  8. These c o n f i g u r a t i o n s  are n o t  d i r e c t l y  r e l a t e d  t o  t h e  p r e s e n t  m u l t i f u n c -  
t i o n  n o z z l e  b u t  cou ld  r e s u l t  from a d e r i v a t i v e  v e r s i o n  of t h i s  n o z z l e  c o n c e p t .  The 
g e o m e t r i c  d e t a i l s  o f  t h e  b l o c k e r  and l o w e r  f l a p  components are shown i n  f i q u r e  9. 
I n s t r u m e n t a t i o n  
A three-component  (normal  f o r c e ,  a x i a l  f o r c e ,  and p i t c h i n g  moment) s t r a i n - q a g e  
b a l a n c e  w a s  used t o  measure t h e  f o r c e s  and moments on t h e  model downstream of  s t a t i o n  
20.50 i n .  (See f i q .  l ( a ) . )  J e t  t o t a l  p r e s s u r e  w a s  measured a t  a f i x e d  s t a t i o n  i n  
t h e  i n s t r u m e n t a t i o n  s e c t i o n  ( f i g .  l ( a ) )  by means of a fou r -p robe  r a k e  th rouqh  t h e  up- 
p e r  s u r f a c e ,  a th ree -p robe  r a k e  throuqh t h e  s i d e ,  and a t h r e e - p r o b e  r a k e  th rouqh  t h e  
c o r n e r .  A s h i e l d e d  thermocouple  p robe ,  a l so  l o c a t e d  i n  t h e  i n s t r u m e n t a t i o n  s e c t i o n ,  
w a s  used t o  measure j e t  t o t a l  t e m p e r a t u r e .  ~ e i q h t - f l o w  ra te  o f  t h e  h i q h - p r e s s u r e  a i r  
s u p p l i e d  t o  the  nozz le  w a s  de t e rmined  by calibration of p r e s s u r e  and t e m p e r a t u r e  mea- 
su remen t s  i n  t h e  h i q h - p r e s s u r e  plenum a q a i n s t  t h e  known per formance  of s t a n d a r d  a x i -  
symmetr ic  S t r a t f o r d  choke n o z z l e s  ( r e f .  1 4 ) .  I n t e r n a l  s t a t i c - p r e s s u r e  o r i f i c e s  w e r e  
l o c a t e d  on the  p l anv iew c e n t e r l i n e s  of t h e  Unvec to red  ( f i g .  10) and v e c t o r e d  n o z z l e  
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upper ,  l o w e r ,  and a f t  f l a p s .  The t h r u s t - r e v e r s e r  model had s t a t i c - p r e s s u r e  o r i f i c e s  
o n l y  on t h e  b l o c k e r  c e n t e r l i n e  a s  shown i n  f i g u r e  1 1 .  The ver t ica l  t a k e o f f  o r  l and-  
i n g  n o z z l e s  had p r e s s u r e  o r i f i c e s  on t h e  b l o c k e r  and lower f l a p  c e n t e r l i n e s  a s  shown 
i n  f i g u r e  12. 
D a t a  Reduct ion 
A l l  d a t a  were r e c o r d e d  on magne t i c  t a p e  wi th  50 frames of d a t a  ave raqed  a t  each  
d a t a  p o i n t  f o r  u se  i n  computa t ions .  With t h e  e x c e p t i o n  o f  r e s u l t a n t  g r o s s  t h r u s t  
Fr, a l l  f o r c e  d a t a  i n  t h i s  r e p o r t  a r e  r e f e r e n c e d  t o  t h e  model c e n t e r l i n e .  
The b a s i c  performance parameters used f o r  t h e  p r e s e n t a t i o n  of  r e s u l t s  a r e  
F r / F i l  6 ,  M/Fih t ln '  and wp/wi. The i n t e r n a l  t h r u s t  r a t i o  F/Fi i s  t h e  r a t i o  o f  
a c t u a l  n o z z l e  t h r u s t  ( a l o n g  t h e  body a x i s )  t o  i d e a l  n o z z l e  t h r u s t  where i d e a l  n o z z l e  
t h r u s t  i s  based on measured weight-f low r a t e  and t o t a l - t e m p e r a t u r e  and t o t a l - p r e s s u r e  
c o n d i t i o n s  i n  t h e  n o z z l e  i n s t r u m e n t a t i o n  s e c t i o n .  The b a l a n c e  a x i a l - f o r c e  measure- 
ment, from which a c t u a l  n o z z l e  t h r u s t  is  s u b s e q u e n t l y  o b t a i n e d ,  i s  i n i t i a l l y  c o r -  
r e c t e d  f o r  model w e i g h t  tares and b a l a n c e  i n t e r a c t i o n s .  Althouqh the b e l l o w s  ar- 
rangement w a s  d e s i g n e d  t o  e l i m i n a t e  p r e s s u r e  and momentum i n t e r a c t i o n s  w i t h  t h e  
b a l a n c e ,  s m a l l  bellows t a r e s  on a l l  b a l a n c e  components s t i l l  e x i s t .  These tares 
r e s u l t  from a s m a l l  p r e s s u r e  d i f f e r e n c e  between t h e  ends of t h e  b e l l o w s  when i n t e r n a l  
v e l o c i t i e s  are h i g h  and a l s o  small  d i f f e r e n c e s  i n  t h e  forward and a f t  b e l l o w s  s p r i n g  
c o n s t a n t s  when t h e  be l lows  are p r e s s u r i z e d .  A s  d i s c u s s e d  i n  r e f e r e n c e  9, t h e s e  
bellows tares w e r e  de t e rmined  by r u n n i n g  c a l i b r a t i o n  n o z z l e s  w i t h  known performance 
o v e r  a r ange  of e x p e c t e d  normal f o r c e s  and p i t c h i n g  moments. The b a l a n c e  d a t a  were 
t h e n  c o r r e c t e d  i n  a manner similar t o  t h a t  d i s c u s s e d  i n  r e f e r e n c e  9 t o  o b t a i n  a c t u a l  
n o z z l e  t h r u s t ,  normal f o r c e ,  and p i t c h i n g  moment. The r e s u l t a n t  g r o s s  t h r u s t  Fr ,  
u sed  i n  r e s u l t a n t  t h r u s t  r a t i o  Fr jFi ,  afid the Lc=.ul tant  ---I- t h m s t - v e c t o r  a n g l ~  6 a r e  
t h e n  d e t e r m i n e d  from t h e s e  c o r r e c t e d  b a l a n c e  d a t a .  R e s u l t a n t  t h r u s t  r a t i o  Fr/Fi i s  
e q u a l  t o  i n t e r n a l  t h r u s t  r a t i o  as long  a s  t h e  j e t - e x h a u s t  f l o w  remains unvec- 
t o r e d  ( 6  = 0 ' ) .  S i g n i f i c a n t  d i f f e r e n c e s  between Fr/Fi and F/Fi o c c u r  when j e t -  
e x h a u s t  f l o w  i s  t u r n e d  from t h e  a x i a l  d i r e c t i o n .  The pa rame te r  M/FihtIn is  t h e  
r a t i o  of  p i t c h i n g  moment r e s u l t i n g  from v e c t o r i n g  and f l o w  expansior ,  o v e r  t h e  a f t  
f l a p  t o  t h e  p r o d u c t  of i d e a l  t h r u s t  and nominal d r y  power t h r o a t  h e i q h t  
n a l  d r y  power throat h e i g h t  w a s  s e l e c t e d  a r b i t r a r i l y  a s  a n o n d i m e n s i o n a l i z i n g  l e n g t h  
b e c a u s e  i s o l a t e d  n o z z l e  tests do  n o t  have a se t  of a i r p l a n e  n o n d i m e n s i o n a l i z i n g  con- 
s t a n t s  a s s o c i a t e d  w i t h  them. Nozzle d i s c h a r g e  c o e f f i c i e n t  wp/wi i s  t h e  r a t i o  o f  
measured  we igh t - f low rate  t o  i d e a l  weight-f low ra te  where i d e a l  weight-f low rate  i s  
based  on j e t  t o t a l  p r e s s u r e  Tt,  , and measured n o z z l e  
( o r  por t )  t h r o a t  area. Nozzle  d i s c h a r g e  c o e f f i c i e n t  i s ,  t h e n ,  a measure of t h e  
a b i l i t y  of  a n o z z l e  t o  p a s s  mass f low.  
F/Fi, 
F/Fi 
h t I n .  Nomi- 
p,,,, j e t  t o t a l  t e m p e r a t u r e  
PRESENTATION O F  RESULTS 
The basic n o z z l e  i n t e r n a l  performance d a t a  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  a r e  
p r e s e n t e d  i n  f i g u r e s  1 3  t h rough  24, which w i l l  n o t  be d i s c u s s e d  i n d i v i d u a l l y .  How- 
e v e r ,  r e f e r e n c e  w i l l  be made to  t h e  performance of  t h o s e  n o z z l e s  d i r e c t l y  r e l e v a n t  t o  
t h e  d i s c u s s i o n  as t h e  need arises.  Loca l  s t a t i c  p r e s s u r e s  were measured on t h e  noz- 
z l e  i n t e r n a l  s u r f a c e s  f o r  v a r i o u s  n o z z l e  t o t a l  p r e s s u r e  r a t i o  s e t t i n g s  and are p r e -  
s e n t e d  i n  r a t i o  form i n  tables 11 t h rough  V. T a b l e  I ,  which c o n t a i n s  a summary o f  
t h e  n o z z l e  ( u n v e c t o r e d  and v e c t o r e d )  geomet r i c  p a r a m e t e r s ,  a l s o  c o n t a i n s  t h e  f i g u r e  
and tab le  numbers i n  which t h e  b a s i c  i n t e r n a l  performance and l o c a l  p r e s s u r e  r a t i o  
d a t a  c a n  be found  f o r  each  combinat ion of pa rame te r s .  
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Nozzle  i n t e r n a l  t h r u s t  r a t i o  F/Fi, r e s u l t a n t  t h r u s t  r a t i o  Fr/Fi, t h r u s t - v e c t o r  
a n g l e  6 ,  p i t c h i n g  moment r a t i o  M/FihtIn, and d i s c h a r g e  c o e f f i c i e n t  wp/wi are  pre- 
s e n t e d  g r a p h i c a l l y  as a f u n c t i o n  of n o z z l e  pressure r a t i o  ( N P R )  i n  f i q u r e s  1 3  th rouqh  
22 f o r  the  unvec tored  and v e c t o r e d  n o z z l e  c o n f i g u r a t i o n s .  F i g u r e  23 p r e s e n t s  i n t e r -  
n a l  performance d a t a  f o r  t h e  t h r u s t - r e v e r s e r  c o n f i g u r a t i o n .  A n e q a t i v e  v a l u e  o f  
t h r u s t  r a t i o  i n d i c a t e s  t h r u s t  i n  t h e  reverse d i r e c t i o n .  The d a t a  o b t a i n e d  on the 
v e r t i c a l  t a k e o f f  or l a n d i n g  c o n f i g u r a t i o n s  are p r e s e n t e d  i n  f i g u r e  24. N o r m a l  force 
r a t i o  N/Fi 
v e r t i c a l  t a k e o f f  or l a n d i n q  c o n f i g u r a t i o n s .  
i s  p r e s e n t e d  as a n  a d d i t i o n a l  parameter €or t h e  t h r u s t  reverser and  
RESULTS AND DISCUSSION 
Basic Data 
The i n t e r n a l  per formance  d a t a  shown i n  f i g u r e s  13  th rouqh  22 e x h i b i t  character- 
is t ics  of both  2-D C-D and SERN n o z z l e s .  I n  g e n e r a l ,  n o z z l e  t h r u s t  r a t i o  pe r fo rmance  
w a s  s imi l a r  t o  t h a t  measured f o r  2-D C-D n o z z l e s  ( refs .  7 and IO) and is  c h a r a c t e r -  
i z e d  by one per formance  peak o c c u r r i n g  a t  o r  n e a r  t h e  NPR r e q u i r e d  f o r  f u l l y  expanded 
n o z z l e  f l o w  ( d e s i g n  NPR). An e x c e p t i o n  t o  t h e  p r e v i o u s  o b s e r v a t i o n  o c c u r r e d  when 
6, < Oo. For these cases ( f i g .  15 €or example ) ,  i n t e r n a l  per formance  data w e r e  t y p i -  
c a l  of  s ing le-expans ion- ramp n o z z l e  d a t a  ( refs .  7 ,  12, and 13)  and w e r e  o f t e n  cha rac -  
t e r i z e d  by a tendency  t o  have  t w o  n o z z l e  t h r u s t  r a t i o  per formance  peaks .  These t w o  
peaks  o c c u r  a s  a r e s u l t  of t w o  separate exhaus t - f low expans ion  processes. The f i r s t  
( i n t e r n a l  expans ion )  o c c u r s  as t h e  e x h a u s t  f l o w  expands  i n  t h e  r e g i o n  between t h e  
n o z z l e  t h r o a t  and n o z z l e  e x i t  formed hy t h e  downstream edqe  o f  t h e  uppe r  and l o w e r  
f l a p s .  The second expans ion  p r o c e s s  ( e x t e r n a l  e x p a n s i o n )  o c c u r s  between t h e  upper 
a f t  f l a p  ( l o c a t e d  downstream of t h e  e x i t )  and t h e  l o w e r  j e t  f r e e  boundary .  
The r e s u l t a n t  t h r u s t - v e c t o r  a n g l e  d a t a  p r e s e n t e d  i n  f i q u r e s  13 th rouqh  22 i l l u s -  
t r a t e  a n o t h e r  c h a r a c t e r i s t i c  of  SERN n o z z l e s :  s i g n i f i c a n t  r e s u l t a n t  t h r u s t - v e c t o r  
a n g l e s  6 (hence  d i f f e r e n c e s  i n  r e s u l t a n t  t h r u s t  r a t i o  Fr/Fi and i n t e r n a l  t h r u s t  
r a t i o  F/Fi)  can occur  on unvec to red  (6,  = O o )  c o n f i g u r a t i o n s .  The n o n l i n e a r  v a r i a -  
t i o n  of r e s u l t a n t  t h r u s t - v e c t o r  a n q l e  6 w i t h  NPR a t  a l l  v a l u e s  of 6, is  a l s o  
c h a r a c t e r i s t i c  of SERN n o z z l e s  and is caused  by chanq inq  compress ion-expans ion  wave 
p a t t e r n s  impinging  on t h e  e x t e r n a l  expans ion  s u r f a c e  ( a f t  f l a p )  as NPR is v a r i e d .  
The a f t  f l a p  has  a large,  unopposed, normal  p r o j e c t e d  area,  hence  normal  force can  
change s i g n i f i c a n t l y  w i t h  v a r y i n g  NPR. An a x i a l - f o r c e  per formance  p e n a l t y  r e s u l t s  
f o r  any  nonzero  v a l u e  of  r e s u l t a n t  t h r u s t - v e c t o r  a n q l e  because  t h e  t h r u s t  i s  b e i n s  
t u r n e d  away from t h e  a x i a l  d i r e c t i o n .  The maqni tude  of t h i s  p e n a l t y  can  be a s s e s s e d  
by comparinq t h e  d i f t ' e r e n c e  between r e s u l t a n t  and i n t e r n a l  t h r u s t  r a t i o  a t  a q i v e n  
NPR . 
Measured v a l u e s  of n o z z l e  d i s c h a r g e  c o e f f i c i e n t  wp/wi f o r  a l l  n o z z l e s  were 
between 0 .94  and 0.98 and w e r e  e s s e n t i a l l y  u n a f f e c t e d  by  changes  i n  NPR. 
Per formance  Comparisons 
The d e s i g n  p r e s s u r e  ra t ios  f o r  t h e  i n t e r n a l  p o r t i o n s  of t h e  unvec to red  n o z z l e s  
v a r i e d  from 3.05 t o  5.43 as i n d i c a t e d  i n  t ab le  I. H o w e v e r ,  f o r  pu rposes  Of summary 
d a t a ,  a nominal N P R  of 4.0 h a s  been  selected €or a l l  n o z z l e s .  
E f f e c t  of q e o m e t r i c  t h r u s t - v e c t o r  anq1e.-  The e f f ec t s  of qeometric t h r u s t - v e c t o r  ~ ~ - _ _ _ _ _ _ _ _ _ _  
a n g l e  on nozz le  per formance  p a r a m e t e r s  are p r e s e n t e d  i n  f i q u r e s  25 and 26. T y p i c a l  
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i n t e r n a l  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  ( c o n f i g u r a t i o n  AlFS) for  a r ange  of 6, are 
shown i n  f i g u r e  27. 
The v a r i a t i o n  i n  d i s c h a r g e  c o e f f i c i e n t  with g e o m e t r i c  v e c t o r  a n g l e  ( f i q .  25)  w a s  
n e a r l y  symmet r i ca l  a b o u t  for a f t e r b u r n i n g  and d r y  power n o z z l e  c o n f i g u r a -  
t i o n s .  T h i s  symmetry w a s  e x p e c t e d  s i n c e  t h e  nozz le  geometry i n  t h e  c o n v e r q e n t  sec- 
t i o n  and t h e  t h r o a t  w a s  i d e n t i c a l  f o r  
Examinat ion of i n t e r n a l  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  ( f i q .  27) i n d i c a t e s  n e a r l y  
v e c t o r i n g  cases. Nozzle  d i s c h a r g e  c o e f f i c i e n t  peaks  a t  6, = 0' ( f i g .  25) and f a l l s  
o f f  a t  nonzero v a l u e s  o f  
r e l a t i v e  t o  t h e  unvec to red  case. T h r u s t - v e c t o r i n g  schemes which use  b o t h  upper  and 
' lower f l a p s  g e n e r a l l y  a l t e r  t h e  n o z z l e  s u r f a c e  s h a p e  a t  and ahead of t h e  t h r o a t  s i n c e  ' t h e  v e c t o r i n g  a c t u a t i o n  m o d i f i e s  a p o r t i o n  of t h e  c o n v e r q e n t  s e c t i o n .  (Compare upper  
and lower f l a p  s u r f a c e  shapes  i n  f i g u r e s  3 ( a ) ,  ( b ) ,  and ( c ) ,  f o r  example.)  A s  s e e n  
i n  f i g u r e  27, t h e  t h r o a t  l o c a t i o n  ( l o c a t i o n  a t  which t h e  r a t i o  of s t a t i c  p r e s s u r e  t o  
j e t  t o t a l  p r e s s u r e  is 0.528, hence local Mach number i s  1.0)  moves downstream on t h e  
upper  f l a p  as g e o m e t r i c  t h r u s t - v e c t o r  a n g l e  i s  i n c r e a s e d  from 
6,) and moves downstream on t h e  lower f l a p  as g e o m e t r i c  t h r u s t - v e c t o r  a n g l e  is de- 
c r e a s e d  from 6, = 0' ( n e g a t i v e  6 v ) .  S i n c e  t h e  e n t i r e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  
f o r  t h e  unvec to red  case p / p t l j  = 0.528, it is  obv ious  ( b y  e x t r a p -  
o l a t i o n )  t h a t  t h e  t h r o a t  o c c u r s  somewhere upstream of  t h e  m o s t  f o rward  o r i f i c e  loca -  
stream on t h e  uppe r  f l a p  f o r  gV < 0. 
T h i s  r e o r i e n t a t i o n  of t h e  t h r o a t  f o r  f30'  of  v e c t o r i n g  d e c r e a s e d  d i s c h a r g e  c o e f f i -  
c i e n t  by 0.03 €or t h e  a f t e r b u r n i n g  power n o z z l e s  and 0.02 f o r  t h e  d r y  power n o z z l e s  
( f i g .  2 5 ) .  
6, = 0' 
6, = 30' and -30' and f o r  6, = 15' and -15'. 
I i d e n t i c a l  f l o w  c h a r a c t e r i s t i c s  f o r  upward (6,  n e g a t i v e )  and downward (6, p o s i t i v e )  
6, i n d i c a t i n g  t h r o a t  s h a p e  and /o r  convergence a l t e r e d  
6, = 0' ( p o s i t i v e  ~ 
6, = 0' is  below 
1 t i o n ;  hence it can  be s t a t e d  t h a t ,  i n  g e n e r a l ,  a c t u a l  t h r o a t  l o c a t i o n  moves down- 
~ 
1 
6, > 0 and downstream on t h e  lower f l a p  f o r  
The e f f e c t  of g e o m e t r i c  t h r u s t - v e c t o r  a n g l e  on r e s u i t a n t  t h r u s t  ratio i s  pre- 
s e n t e d  i n  f i g u r e  26 f o r  a f t e r b u r n i n g  and d r y  power n o z z l e  c o n f i g u r a t i o n s .  As s e e n  
Fr/Fi  w a s  r e l a t i v e l y  i n d e p e n d e n t  o f  6,, v a r y i n g  no more t h a n  1 p e r c e n t  over t h e  
e n t i r e  r a n g e  of  v e c t o r  a n g l e  i n v e s t i g a t e d .  For t h e s e  c o n f i g u r a t i o n s  i n  which 
6, - a = Oo, t h e  l o w e s t  v a l u e s  of r e s u l t a n t  t h r u s t  r a t i o  o c c u r r e d  for  6, = -30°,  
p r o b a b l y  because  of  e x h a u s t  f l o w  s e p a r a t i o n  on t h e  a f t  f l a p .  S t a t i c  p r e s s u r e  d i s t r i -  
b u t i o n s  f o r  c o n f i g u r a t i o n  AlFS ( f i g .  27) i n d i c a t e  t h a t  e x h a u s t  f l o w  o v e r  t h e  l a s t  
4 0 - p e r c e n t  of  the a f t  f l a p  c o u l d  be s e p a r a t e d .  Exhaus t  f l o w  s e p a r a t i o n  on t h e  
e x t e r n a l  e x p a n s i o n  surface i s  t y p i c a l  f o r  s i n g l e  expans ion  ramp n o z z l e s  a t  n e g a t i v e  
v e c t o r  a n g l e s  ( ref .  1 2 ) .  
Va lues  of t h r u s t  r a t i o  F/Fi peak n e a r  6, = 0' ( f i g .  2 6 ( a ) )  s i n c e  t h e  e x h a u s t  
f l o w  is  d i r e c t e d  away from t h e  a x i a l  d i r e c t i o n  when v e c t o r i n g .  C h a r a c t e r i s t i c  s h a p e s  
o f  t h e s e  F/Fi c u r v e s  appear t o  be n e a r l y  i d e n t i c a l ,  b u t  s o m e  c u r v e s  are s l i g h t l y  
o f f s e t  r e l a t i v e  t o  o t h e r s .  These o f f s e t s  a r e  a f u n c t i o n  of a f t  f l a p  shape  and t h e  
magn i tude  of and can  be r e l a t e d  d i r e c t l y  t o  changes i n  e f f e c t i v e  a f t  f l a p  
a n g l e .  These r e s u l t s  i n d i c a t e  t h a t  an a i r c r a f t  u t i l i z i n g  t h i s  n o z z l e  c o n c e p t  c o u l d  
c r u i s e  a t  a nonze ro  v a l u e  of g e o m e t r i c  t h r u s t - v e c t o r  a n g l e  (6,  n 2.5' f o r  f l a t  a f t  
f l a p  c o n f i g u r a t i o n s  o r  6, = -2.50 for  curved a f t  f l a p  c o n f i g u r a t i o n s )  t o  o p t i m i z e  
i n t e r n a l  n o z z l e  pe r fo rmance .  
g U  - a 
AS c a n  be s e e n  i n  f i g u r e  2 6 ( b ) ,  a f t  f l a p  c u r v a t u r e  or n e g a t i v e  r o t a t i o n  of  t h e  
a f t  f l a p  p r o v i d e  n e a r l y  c o n s t a n t  i n c r e a s e s  i n  r e s u l t a n t  t u r n i n g  a n g l e  6 o v e r  t h e  
g e o m e t r i c  t h r u s t - v e c t o r  a n g l e  6, r ange  t e s t e d .  A l l  c o n f i g u r a t i o n s  p r e s e n t e d  i n  
f i g u r e  2 6 ( b )  i n d i c a t e  t h a t  t h e  e x h a u s t  f l o w  was b e i n g  t u r n e d  e f f e c t i v e l y  as 
A6/A6, 
r i c  t h r u s t - v e c t o r  a n g l e  depended e n t i r e l y  upon t h e  r e s u l t a n t  t h r u s t - v e c t o r  a n g l e  
1 .O .  Whether or n o t  r e s u l t a n t  t h r u s t - v e c t o r  a n g l e  was e q u a l  t o  t h e  geomet- 
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i n t e r c e p t  a t  6, = 0 ' .  Recall t h a t  6 i s  dependen t  upon NPR f o r  e x t e r n a l  expans ion  
sur face  n o z z l e s  and t h a t  f i g u r e  26 i s  €or a nominal  NPR of 4.0. 
The e f f e c t s  o f  g e o m e t r i c  t h r u s t - v e c t o r  a n g l e  on p i t c h i n g  moment r a t i o  are  pre- 
s e n t e d  i n  f i g u r e  2 6 ( c ) .  These d a t a  are e s s e n t i a l l y  a mirror  image of t h e  r e s u l t a n t  
t h r u s t - v e c t o r  a n g l e  r e s u l t s  and b e c a u s e  of t h e  s imi la r i t i es  w i l l  n o t  be d i s c u s s e d  
h e r e i n .  R e m e m b e r  t h a t  a n  i n c r e a s e  i n  6 r e s u l t s  i n  a decrease i n  p i t c h i n g  moment, 
hence  t h e  s l o p e  change i n  M/Fiht,n re  l a  t i v e  t o  
E f f e c t  of a f t  f l a p  i n i t i a l  ang le . -  The e f f e c t  of a f t  f l a p  i n i t i a l  a n g l e  on  
i n t e r n a l  per formance  a t  NPR = 4.0 f o r  s e v e r a l  n o z z l e  c o n f i q u r a t i o n s  i s  p r e s e n t e d  i n  
f i g u r e s  28 through 30. An example of t y p i c a l  i n t e r n a l  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  
( c o n f i g u r a t i o n  A I F S ,  
f i q u r e  31 a t  a nominal  NPR of 4. 
6, = 0 ' )  over a r a n g e  of a f t  f l a p  i n i t i a l  a n q l e s  is  shown i n  
For  a l l  c o n f i q u r a t i o n s ,  downward r o t a t i o n  ( f r o m  p o s i t i v e  t o  n e q a t i v e  a )  of t h e  
a f t  f l a p  r e s u l t e d  i n  i n c r e a s e d  r e s u l t a n t  t h r u s t - v e c t o r  a n g l e .  (see f i q s .  28 t h rouqh  
30 . )  T h i s  was, of c o u r s e ,  accompanied by a d e c r e a s e  i n  p i t c h i n g  moment r a t i o  r e s u l t -  
i n g  from t h e  i n c r e a s e d  normal  force on t h e  a f t  f l a p  as t h e  a f t  f l a p  w a s  r o t a t e d  down- 
ward. S t a t i c  p r e s s u r e  d i s t r i b u t i o n  d a t a  ( f i g .  31)  show i n c r e a s e d  p r e s s u r e  on t h e  a f t  
f l a p  as it i s  r o t a t e d  downward and hence ,  i n c r e a s e d  p o s i t i v e  (upward)  normal  f o r c e .  
The a = -8.3' case a p p e a r s  t o  have a shock l o c a t e d  n e a r  t h e  n o z z l e  uppe r  f l a p / a f t  
f l a p  j u n c t u r e .  
The e f f e c t s  of  a f t  f l a p  i n i t i a l  a n g l e  on r e s u l t a n t  and i n t e r n a l  t h r u s t  ra t ios  
( f i g s .  28 th rough 30)  were dependen t  upon c o n f i g u r a t i o n  v a r i a b l e s  such  as g e o m e t r i c  
t h r u s t - v e c t o r  a n g l e ,  a f t  f l a p  shape ,  and n o z z l e  i n t e r n a l  area r a t io ;  however ,  s e v e r a l  
g e n e r a l  t r e n d s  can be n o t e d .  H i g h e s t  r e s u l t a n t  t h r u s t  r a t i o  v a l u e s  q e n e r a l l y  oc- 
c u r r e d  when t h e  a f t  f l a p  w a s  o r i e n t e d  such  t h a t  t h e  r e s u l t a n t  t h r u s t - v e c t o r  a n q l e  6 
w a s  app rox ima te ly  e q u a l  t o  t h e  g e o m e t r i c  v e c t o r  a n g l e .  I n  r e a l i t y ,  however ,  t h e  peak  
Fr/Fi p r o b a b l y  o c c u r r e d  when t h e  a f t  f l a p  i n i t i a l  a n g l e  a had minimal  impact on 
t h e  s u p e r s o n i c  f l o w  e x i t i n g  t h e  uppe r  and lower 2-D C-D d i v e r g e n t  f l a p  segments .  I t  
h a s  l o n g  been r ecogn ized  t h a t  d e f l e c t i n g  s u p e r s o n i c  e x h a u s t  f l o w  g e n e r a l l y  r e s u l t s  i n  
some per formance  losses ( re f .  9) .  H i q h e s t  i n t e r n a l  pe r fo rmance  F/Fi g e n e r a l l y  
o c c u r r e d  a t  t h e  a f t  f l a p  i n i t i a l  a n g l e  which r e s u l t e d  i n  v a l u e s  of r e s u l t a n t  t h r u s t -  
v e c t o r  a n g l e  6 n e a r  z e r o .  For  d r y  power n o z z l e  c o n f i g u r a t i o n  D1FS ( f i q .  30)  w i t h  
6, = k15' and f30 ' ,  h i g h e s t  per formance  f o r  e a c h  o c c u r r e d  a t  t h e  a f t  f l a p  i n i -  
t i a l  a n g l e  which g e n e r a t e d  t u r n i n g  a n g l e s  n e a r e s t  z e r o .  For  example,  c o n s i d e r  
6, = 30° ,  h i q h e s t  measured t h r u s t  pe r fo rmance  o c c u r r e d  a t  a = -28.5'. The measured 
t u r n i n g  a n g l e  6 a t  t h i s  a f t  f l a p  i n i t i a l  a n g l e  w a s  27.5O and w a s  t h e  l o w e s t  t u r n i n q  
a n g l e  measured f o r  t h e  6, = 30' c o n f i q u r a t i o n .  c o n f i q u r a t i o n  A3FS ( w i t h  
6, = 4.15', f i g .  2 8 )  w a s  t h e  e x c e p t i o n  w i t h  t h e  h i g h e s t  r e s u l t a n t  t h r u s t  r a t i o  Fr/Fi 
o c c u r r i n g  a t  a = -8.3' and t h e  h i g h e s t  t h r u s t  r a t i o  F/Fi o c c u r r i n q  a t  a = -4.5'. 
Based on t h e  g e n e r a l  t r e n d s  d i s c u s s e d  p r e v i o u s l y ,  h i g h e s t  F,/Fi and F/Fi v a l u e s  
would be expec ted  t o  occur  f o r  a f t  f l a p  i n i t i a l  a n q l e s  a of -2.8' and 2.7', where 
r e s u l t a n t  t u r n i n q  a n g l e s  of a p p r o x i m a t e l y  3.8' and l o  w e r e  measured ,  r e s p e c t i v e l y .  
Reasons €or  the  d e p a r t u r e  o f  t h i s  C o n f i g u r a t i o n  from g e n e r a l  t r e n d s  are unknown. 
6, 
_I__-__ E f f e c t  of a f t  f l a p  shape.-  The e f f e c t  of a f t  f l a p  s h a p e  on i n t e r n a l  pe r fo rmance  
p a r a m e t e r s  a t  a n  NPR of 4.0 c a n  be found i n  f i g u r e s  2 6 ,  2 8 ,  and 29. R e c a l l  t h a t  t h e  
t h i r d  d i q i t  i n  t h e  c o n E i g u r a t i o n  code  r e p r e s e n t s  a f t  f l a p  s h a p e  ( C  f o r  cu rved  and F 
f o r  f l a t ) .  An example of t y p i c a l  i n t e r n a l  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  f o r  a chanqe  
i n  a f t  f l a p  shape i s  p r e s e n t e d  i n  Eicjure 32 a t  a nominal  n o z z l e  p r e s s u r e  r a t i o  of 4. 
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Changing a f t  f l a p  shape  from f l a t  t o  curved r e s u l t e d  i n  a downward r o t a t i o n  i n  
t h e  a f t  f l a p  t r a i l i n g  edge ( t e r m i n a l  a n g l e )  by 1 1 '  a s  i n d i c a t e d  i n  t h e  n o z z l e  geome- 
t r y  s k e t c h e s  shown i n  f i g u r e s  3 th rough  5 .  This  11 '  change i n  a f t  f l a p  t e r m i n a l  an- 
g l e  r e s u l t e d  i n  i n c r e a s e s  i n  measured r e s u l t a n t  t h r u s t - v e c t o r  a n g l e  6 r a n g i n g  from 
a p p r o x i m a t e l y  3.5' t o  8' above t h o s e  measured f o r  t h e  f l a t  a f t  f l a p  shape .  A c t u a l  
l e v e l s  of t h e s e  i n c r e a s e s  were dependen t  upon o t h e r  v a r i a b l e s  such a s  n o z z l e  power 
s e t t i n g ,  expans ion  ra t io ,  g e o m e t r i c  t h r u s t - v e c t o r  a n g l e ,  and a f t  f l a p  i n i t i a l  a n g l e  
a. For example, t h e  e f f e c t s  of a f t  f l a p  shape on r e s u l t a n t  t u r n i n g  a n g l e  w e r e  l a r g e r  
f o r  t h e  d r y  power c o n f i g u r a t i o n  t h a n  f o r  a f t e r b u r n i n g  c o n f i g u r a t i o n s .  ( S e e  f i q .  26.) 
T h i s  r e s u l t  would be e x p e c t e d ,  s i n c e  t h e  a s p e c t  r a t i o  of t h e  j e t  as it l e a v e s  t h e  
uppe r  f l a p  i s  g r e a t e r  f o r  t h e  d r y  power n o z z l e s  t h a n  t h e  a f t e r b u r n i n q  power n o z z l e s  
and t h e  t h i n n e r  j e t  (more l i k e  a j e t  s h e e t )  can be t u r n e d  more e f f e c t i v e l y  by a s i n -  
g l e  s u r f a c e  ( t h e  a f t  f l a p ) .  S t a t i c  p r e s s u r e  d i s t r i b u t i o n s  f o r  a t y p i c a l  c o n f i q u r a -  
t i o n  ( f i g .  32)  show t h a t  w i t h  t h e  cu rved  a f t  f l a p  t h e  p r e s s u r e  was h i g h e r  a l o n g  t h e  
e n t i r e  f l a p  t h a n  w i t h  t h e  f l a t  a f t  f l a p .  T h i s  h i q h e r  p r e s s u r e  r e s u l t s  i n  an i n c r e a s e  
i n  t h e  p o s i t i v e  no rma l - fo rce  component on t h e  a f t  f l a p :  t h e r e b y ,  r e s u l t a n t  t h r u s t -  
v e c t o r  a n g l e  is  i n c r e a s e d  and l a r g e r  nose down ( n e g a t i v e )  p i t c h i n g  moments a r e  
produced.  The e f f e c t s  of a f t  f l a p  shape  on r e s u l t a n t  and i n t e r n a l  t h r u s t  ra t ios  are  
similar t o  t h o s e  no ted  p r e v i o u s l y  f o r  v a r i a t i o n  of a f t  f l a p  a n g l e  a. 
E f f e c t  of s i d e w a l l  l e n g t h . -  The e f f e c t  of s i d e w a l l  l e n g t h  on performance i n c r e -  
ments as a f u n c t i o n  of  NPR i s  p r e s e n t e d  f o r  t y p i c a l  a f t e r b u r n i n q  and d r y  power n o z z l e  
c o n f i g u r a t i o n s  i n  f i g u r e s  3 3 ( a )  and (b), r e s p e c t i v e l y .  T y p i c a l  s t a t i c  p r e s s u r e  d i s -  
t r i b u t i o n s  f o r  t h e  a f t e r b u r n i n g  n o z z l e  c o n f i g u r a t i o n  w i t h  l o n g  and s h o r t  s i d e w a l l s  
( 6 ,  = 0 ' )  are p r o v i d e d  a t  t h r e e  v a l u e s  of NPR i n  f i g u r e  34. 
ments A(Fr/Fi) ,  A(F/Fi) ,  A 6 ,  and A(M/Fiht n )  are d e f i n e d  as t h e  performance f o r  
t h e  c o n f i g u r a t i o n  w i t h  long  s i d e w a l l s  minus t h e  performance f o r  t h e  conf i q u r a t i o n  
w i t h  s h o r t  s i d e w a l l s .  A n e g a t i v e  performance inc remen t  would t h e r e f o r e  i n d i c a t e  
s h o r t  sidewall c = n f i g u r a t i o n  performance q r e a t e r  t h a n  long  s i d e w a l l  c o n f i g u r a t i o n  
pe r fo rmance .  
The performance i n c r e -  
Pe r fo rmance  i n c r e m e n t s  A(Fr/Fi) and A 6  ( f i q .  33) w e r e  q e n e r a l l y  n e g a t i v e  a t  
l o w  NPR's i n d i c a t i n g  t h a t  t h e  l o n g  s i d e w a l l  p rov ided  lower r e s u l t a n t  t h r u s t  r a t i o s  
and lower ( o r  more n e g a t i v e )  r e s u l t a n t  t h r u s t - v e c t o r  a n g l e s  t h a n  t h e  s h o r t  s i d e w a l l  
c o n f i g u r a t i o n s .  However, w i t h  t h e  e x c e p t i o n  of A3FL and A3FS a t  h i g h e r  NPR's, t h e  
l o n g  s i d e w a l l  produced h i g h e r  r e s u l t a n t  t h r u s t  ra t ios  and h i g h e r  ( o r  less n e g a t i v e )  
r e s u l t a n t  t h r u s t - v e c t o r  a n g l e s .  T h i s  p robab ly  o c c u r s  b e c a u s e ,  a t  h i g h  NPR, espe- 
c i a l l y  above d e s i g n  NPR ( t a b l e  I ) ,  t h e  e x h a u s t  f l ow would t e n d  t o  expand o r  s p r e a d  
more i n  t h e  l a t e r a l  d i r e c t i o n  when t h e  s h o r t  s i d e w a l l  is i n s t a l l e d .  Expansion of ex-  
h a u s t  f l o w  t h r o u g h  the open s i d e s  would r e s u l t  i n  d e c r e a s e s  i n  b o t h  r e s u l t a n t  t h r u s t  
and r e s u l t a n t  t h r u s t - v e c t o r  a n g l e .  The long  s i d e w a l l  p r e v e n t s  t h e s e  losses a t  h i g h  
NPR; b u t  a t  l o w  NPR, where t h e r e  i s  less tendency f o r  t h e  f l o w  t o  expand l a t e r a l l y ,  
t h e  l o n g  s i d e w a l l  r e s u l t s  i n  a t h r u s t  loss p robab ly  caused  by i n c r e a s e d  f r i c t i o n  
d r a g .  
S t a t i c  pressure d i s t r i b u t i o n s  ( o n  t h e  f l a p  c e n t e r l i n e )  f o r  a f t e r b u r n i n g  n o z z l e  
c o n f i g u r a t i o n s  A l F L  and A1FS are p r e s e n t e d  i n  f i g u r e  34. A t  low NPR's (NPR = 2 1 ,  
s t a t i c  p r e s s u r e s  on t h e  fo rward  p o r t i o n  of  t h e  a f t  f l a p  w e r e  lower f o r  t h e  long  s i d e -  
w a l l  c o n f i g u r a t i o n  t h a n  f o r  t h e  s h o r t  s i d e w a l l .  The r e s u l t ,  as d i s c u s s e d  p r e v i o u s l y ,  
i s  l o w e r  (o r  more n e g a t i v e )  r e s u l t a n t  t h r u s t - v e c t o r  a n g l e s  f o r  t h e  l o n g  s i d e w a l l .  
I n c r e a s e d  s t a t i c  p r e s s u r e s  on t h e  a f t  p o r t i o n  of t h e  a f t  f l a p  a t  h i g h e r  NPR's ( 4 . 0  
and  6.0) would s i m i l a r l y  e x p l a i n  t h e  h i g h e r  r e s u l t a n t  t h r u s t - v e c t o r  a n g l e s  measured 
fo r  t h e  l o n g  s i d e w a l l  c o n f i g u r a t i o n  r e l a t i v e  t o  t h e  s h o r t  s i d e w a l l  c o n f i g u r a t i o n .  
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A c t u a l  magni tudes of t h e  inc remen t  i n  r e s u l t a n t  t h r u s t  r a t i o  f o r  v a r i a t i o n s  i n  
s i d e w a l l  l e n g t h  were g e n e r a l l y  w i t h i n  0.5 p e r c e n t  f o r  n o z z l e  p r e s s u r e  r a t io s  n e a r  de-  
s i g n  v a l u e s  (3.0 < NPR < 5.0) and were c o n s i s t e n t  w i t h  s i d e w a l l  l e n g t h  e f f e c t s  n o t e d  
for  p r e v i o u s  i n v e s t i g a t i o n s  of 2-D C-D and SERN n o z z l e  c o n f i g u r a t i o n s  ( r e f s .  7 ,  10,  
and 1 1 ) .  A s  no ted  i n  r e f e r e n c e  1 1 ,  i n c r e a s i n g  s i d e w a l l  con ta inmen t  ( o r  l e n q t h )  qen- 
e r a l l y  r e s u l t s  i n  a n  i n c r e a s e  i n  t h e  e f f e c t i v e  expans ion  r a t i o  of  a c o n f i g u r a t i o n .  
Comparison of f i g u r e s  1 5 ( a )  and ( c )  i n d i c a t e s  a d e f i n i t e  s h i f t  i n  t h e  NPR a t  which 
peak  r e s u l t a n t  t h r u s t  r a t i o  o c c u r s  for  change i n  s i d e w a l l  l e n q t h .  R e s u l t a n t  t h r u s t  
r a t i o  f o r  t h e  long  s i d e w a l l  c o n f i g u r a t i o n s  ( f i g .  1 5 ( c ) )  t ended  t o  peak a t  NPR > 6.0 ;  
and  f o r  t h e  s h o r t  s i d e w a l l  c o n f i g u r a t i o n s  r e s u l t a n t  t h r u s t  r a t i o  peaked a t  
3.0 < NPR < 4.0. When t h e  per formance  i n c r e m e n t s  between t h e  t w o  c o n f i g u r a t i o n s  a r e  
computed a t  a c o n s t a n t  NPR, t h e s e  d i f f e r e n c e s  i n  e f f e c t i v e  expans ion  r a t i o  appear. 
Comparing peak per formance  l e v e l s  f o r  a g i v e n  n o z z l e  f l a p  geometry  i n d i c a t e s  t h e r e  i s  
l i t t l e  e f f e c t  o f  s i d e w a l l  l e n g t h  on peak per formance  as  r e p o r t e d  i n  r e f e r e n c e s  5 and 
8 t n  10.  
THRUST-REVERSER NOZZLE 
To r e v e r s e  t h r u s t  i n ,  o r  ahead  o f ,  t h e  c o n v e r g e n t  p o r t i o n  of a fo rward  f l i g h t  
n o z z l e  it i s  desirable  t o  move t h e  t h r o a t  (minimum area) t o  t h e  r e v e r s e r  p o r t s  (o r  
passages) t o  avoid t h e  losses t h a t  would be i n c u r r e d  by  t u r n i n g  a s u p e r s o n i c  f l o w .  
I f  n o z z l e  back p r e s s u r e  on t h e  e n g i n e  i s  t o  be m a i n t a i n e d  w i t h i n  acceptable l i m i t s  t o  
a v o i d  s t a l l  o r  ove r speed ,  t h e  e f f e c t i v e  areas (or  mass f l o w )  of b o t h  t h e  u n v e c t o r e d  
and r e v e r s e r  n o z z l e s  must remain  n e a r l y  t h e  same. I n  practice,  a c t u a t i o n  ( o r  s t r u c -  
t u r a l )  c o n s i d e r a t i o n s  and r e v e r s e r  p a s s a g e  l e n q t h  c o n s t r a i n t s  n e c e s s i t a t e  t h e  u t i -  
l i z a t i o n  o f  less t h a n  idea l  r e v e r s e r  por ts  and c a n  r e s u l t  i n  l o w  e f f i c i e n c y .  There- 
fore,  when t h r u s t  is  r e v e r s e d  under  such  c o n d i t i o n s  t h e  reverser po r t s  s h o u l d  have  a n  
e n l a r g e d  t h r o a t  area based  on  t h e  e x p e c t e d  r a t i o  o f  d i s c h a r g e  c o e f f i c i e n t s  ( b a s e d  on 
t h e  t h r o a t  a r e a  of e a c h )  of t h e  fo rward  f l i g h t  and t h r u s t - r e v e r s e r  n o z z l e s .  
The t h r u s t - r e v e r s e r  n o z z l e  of  t h e  p r e s e n t  i n v e s t i g a t i o n  r e p r e s e n t s  t h e  d r y  power 
c o n d i t i o n  f o r  t h e  e n g i n e  and i s  t h e r e f o r e  r e l a t e d  t o  t h e  "Dl- type" forward f l i g h t  
n o z z l e s  (see table  I and f i g .  5 ) .  The t h r u s t - r e v e r s e r - n o z z l e  geometric t h r o a t  area 
(sum of  top and bot tom port  minimum areas) w a s  s i z e d  a p p r o x i m a t e l y  20 p e r c e n t  g r e a t e r  
t h a n  t h e  "Dl-type" n o z z l e s  t o  compensate  f o r  a n  e x p e c t e d  d e c r e a s e  i n  d i s c h a r g e  
c o e f f i c i e n t .  
The d i s c h a r g e  c o e f f i c i e n t s  ( b a s e d  on reverser p o r t  area) measured i n  t h i s  i n v e s -  
t i g a t i o n  are  shown i n  f i g u r e  23 f o r  n o z z l e  p r e s s u r e  ra t ios  from 1.5 t o  7.0.  The 
v a r i a t i o n  i n  d i s c h a r g e  c o e f f i c i e n t  w i t h  n o z z l e  p r e s s u r e  r a t i o  a t  l o w  NPR's i s  l a r g e  
and i s  t y p i c a l  f o r  p o r t s  of  t h i s  t y p e  (refs.  1 0 ,  1 5 ,  and 16) .  Comparison of  measured 
Values  of nozz le  d i s c h a r g e  c o e f f i c i e n t  a t  NPR = 3.0 for  t h e  reverser (0.760 f r o m  
f i g .  23) wi th  t h a t  of t h e  u n v e c t o r e d  n o z z l e  (0 .977 from f i q s .  21 and 22)  i n d i c a t e s  
t h a t  t h e  r e v e r s e r  po r t  area s h o u l d  be ~ - 1.286 t i m e s  u n v e c t o r e d  n o z z l e  t h r o a t  
0.760 
area to p r e v e n t  u n d e s i r a b l e  back p r e s s u r e  c h a r a c t e r i s t i c s  on t h e  e n g i n e  a t  t h i s  con- 
d i t i o n .  AS no ted  p r e v i o u s l y ,  t h e  r e v e r s e r  p o r t  area w a s  s i z e d  t o  be o n l y  20 p e r c e n t  
larger  t h a n  t h e  unvec to red  n o z z l e  area;  h e n c e ,  a n  i n c r e a s e  i n  po r t  area would be 
d e s i r a b l e .  
S t a t i c  p r e s s u r e s  measured on t h e  s u r f a c e  o f  t h e  b l o c k e r  ( f i q .  35)  i n d i c a t e  t h a t  
s o n i c  (choked)  f l o w  d i d  n o t  o c c u r  i n  t h e  p l a n e  o f  minimum r e v e r s e r  p o r t  area ( t o p  
p o r t ) .  The s o n i c  l i n e  (p/pt = 0.528) i n t e r s e c t s  t h e  s u r f a c e  of t h e  b l o c k e r  a t  a 
p o i n t  n e a r  t he  90° break  i n  t h e  b l o c k e r  s u r f a c e .  T h i s  s o n i c  p o i n t  l o c a t i o n  i s  
,j 
1 2  
similar  t o  t h a t  shown i n  t h e  r e v e r s e r  of r e f e r e n c e  15 which had a l a r g e  number of 
p r e s s u r e  o r i f i c e s  i n s t a l l e d  i n  t h e  port  pas sage  s u r f a c e s .  I s o b a r s  d e r i v e d  from s i d e -  
w a l l  s t a t i c  p r e s s u r e s  ( r e f .  1 5 )  a t  a n o z z l e  p r e s s u r e  r a t i o  of  5.0 i n d i c a t e  t h a t  one 
end of t h e  s o n i c  l i n e  was a t  t h e  s h a r p  p o r t  c o r n e r  and t h e  o t h e r  end a t  t h e  b l o c k e r  
n e a r  t h e  port  e x i t .  The s h a r p n e s s  of  t h e  p o r t  c o r n e r  of t h e  p r e s e n t  c o n f i g u r a t i o n  
and p r e s s u r e s  measured on t h e  b l o c k e r  s u r f a c e  s u g g e s t  t h a t  t h e  o r i e n t a t i o n  of t h e  
s o n i c  l i n e  is  similar t o  t h a t  of r e f e r e n c e  15.  
The t h r u s t  r a t io  ( F / F ~ )  d a t a  of f i g u r e  23 show t h a t  as would be e x p e c t e d  w i t h  
a 135' b l o c k e r  a n g l e ,  w e l l  Over 50 p e r c e n t  of  t h e  t h r u s t  w a s  r e v e r s e d  o v e r  t h e  NPR 
range .  However, t h e  d i f f e r e n c e  i n  geometry between t h e  t o p  and bottom p o r t s  r e s u l t s  
i n  a v e r t i c a l  f o r c e  component as shown i n  t h e  normal f o r c e  and p i t c h i n g  moment r a t i o s  
of f i g u r e  23. T h i s  e f f e c t  is caused  by t h e  geometry d i f f e r e n c e s  downstream of t h e  
port  g e o m e t r i c  t h r o a t  (minimum) s i n c e  t h e  p r e s s u r e s  of f i g u r e  34 i n d i c a t e  i d e n t i c a l  
b l o c k e r  p r e s s u r e  d i s t r i b u t i o n s  f o r  b o t h  p o r t s  up t o  t h a t  p o i n t .  The a d d i t i o n a l  pres- 
s u r e  measurements on t h e  e x t e r n a l  p o r t i o n  o f  t h e  upper  p o r t  i n d i c a t e  t h a t  t h e  p r e s -  
s u r e  on t h e  ove rhang ing  piece of t h e  b l o c k e r  i s  below ambient  a t  NPR up t o  3.0 and 
above ambien t  a t  NPR above 4.0. S i n c e  t h e  lower p o r t  h a s  no ove rhang ing  b l o c k e r  
p i e c e  t o  g e n e r a t e  a c a n c e l i n g  f o r c e ,  it i s  l i k e l y  t h a t  t h a t  normal f o r c e  (which i s  
z e r o  a t  NPR = 3.0) shown i n  f i g u r e  23 r e s u l t s  from t h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  
t h i s  p i e c e  o r  from t h e  t u r n i n g  i n f l u e n c e  of t h i s  piece on t h e  j e t  e f f l u x .  
VERTICAL TAKEOFF OR LANDING NOZZLES 
The i n t e r n a l  performance of t h e  f o u r  v e r t i c a l  t a k e o f f  or l a n d i n g  n o z z l e  c o n f i g -  
u r a t i o n s  ( f i g .  8)  i s  shown i n  f i g u r e  24. The n o z z l e  p r e s s u r e  r a t i o  test  r ange  f o r  
t h e s e  n o z z l e s  w a s  r e s t r i c t e d  because  t h e  combinat ion of t h e  d i s p l a c e m e n t  of t h e  
t h r u s t  v e c t o r  produced l a r g e  p i t c h i n g  moments and t h e  b a l a n c e  p i t c h i n g  moment l i m i t  
w a s  r a p i d l y  r eached .  
n o z z l e  e x i t  froiii the force Galaf i~e moiiiefit re fe re i i~e  c e n t e r  and t h e  n e a r l y  v e r t i c a l  
Although b a l a n c e  l i m i t a t i o n s  d i d  n o t  permit t e s t i n g  t o  a h i g h  enough n o z z l e  
p r e s s u r e  r a t i o  t o  r e a c h  a c o n s t a n t  l e v e l  of d i s c h a r g e  c o e f f i c i e n t  it i s  a p p a r e n t  from 
t h e  d a t a  t r e n d s  of f i g u r e  24 t h a t  d i s c h a r g e  c o e f f i c i e n t  would l i k e l y  be less t h a n  0.9 
for  a l l  c o n f i g u r a t i o n s .  I n  t h e  r ange  of nozz le  p r e s s u r e  r a t i o s  t e s t e d ,  c o n f i q u r a -  
t i o n s  V1 and V 3 ,  which b o t h  had t h e  rounded lower l i p ,  had s i g n i f i c a n t l y  h i g h e r  d i s -  
c h a r g e  c o e f f i c i e n t s  t h a n  c o n f i g u r a t i o n s  V2 and V4. T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  
r e s u l t s  o b t a i n e d  from t h r u s t - r e v e r s e r - p o r t  i n v e s t i g a t i o n s  ( r e f .  1 6 )  which have shown 
t h a t  port  c o r n e r  shape  h a s  a l a r g e  e f f e c t  on d i s c h a r g e  c o e f f i c i e n t  when f l o w  i s  b e i n g  
t u r n e d  i n t o  t h e  p o r t  p a s s a g e  th rough  l a r g e  a n g l e s .  
T h r u s t - v e c t o r  a n g l e  w a s  80' o r  g r e a t e r  f o r  a l l  f o u r  c o n f i g u r a t i o n s  a t  a n o z z l e  
p r e s s u r e  r a t i o  of 3.0. C o n f i g u r a t i o n s  ~3 and V4 which i n c o r p o r a t e d  b l o c k e r  2 t u r n e d  
t h e  f l o w  85' a t  a n o z z l e  p r e s s u r e  r a t i o  of 3.0 even though t h e  b l o c k e r  t e r m i n a l  
a n g l e  ( a t  t h e  n o z z l e  e x i t )  w a s  1 1 O  less t h a n  t h e  t e r m i n a l  a n g l e  of b l o c k e r  1 (see 
f i g .  9 ( a ) ) .  T h i s  i n c r e a s e d  t u r n i n g  ( d e s p i t e  t h e  smaller t e r m i n a l  a n g l e )  can be a t -  
t r i b u t e d  t o  t h e  r e l a t i v e l y  l o n g e r  f l o w  pas sage  ( f i g .  8 )  p r o v i d e d  by b l o c k e r  2 a f t e r  
t h e  i n t e r n a l  f l o w  h a s  been t u r n e d  toward t h e  n o z z l e  p o r t  e x i t .  The l o n g e r  p a s s a g e  
a l l o w s  the f l o w  t o  s t a b i l i z e  and become more un i fo rmly  d i r e c t e d  i n  t h e  d e s i r e d  ver-  
t i c a l  d i r e c t i o n .  T h i s  i n d i c a t e s  t h a t  a f t e r  t u r n i n g  a f l o w  th rough  a l a r g e  a n g l e  some 
p a s s a g e  l e n g t h  i s  needed t o  produce f low i n  t h e  i n t e n d e d  d i r e c t i o n .  A l t e r n a t i v e l y ,  
w i t h  l i t t l e  or no  p a s s a g e  l e n g t h ,  it might be d e s i r a b l e  t o  have some b l o c k e r  v a r i a b l e  
geomet ry  c a p a b i l i t y  a t  t h e  n o z z l e  e x i t  so t h a t  t h e  t e r m i n a l  a n g l e  can  be v a r i e d  t o  
modu la t e  t h e  t h r u s t  d i r e c t i o n .  
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CONCLUSIONS 
S t a t i c  i n t e r n a l  per formance  of a m u l t i f u n c t i o n  n o z z l e  h a v i n g  some of  t h e  geomet- 
r i c  c h a r a c t e r i s t i c s  of b o t h  two-dimensional  c o n v e r g e n t - d i v e r q e n t  and s i n g l e  e x p a n s i o n  
ramp n o z z l e s  h a s  been i n v e s t i g a t e d  i n  t h e  s t a t i c  t e s t  f a c i l i t y  of t h e  Lang ley  16-Foot  
T r a n s o n i c  Tunnel. The i n t e r n a l  expans ion  p o r t i o n  of  the n o z z l e  qeometry  c o n s i s t e d  of 
t w o  symmetr ica l  f l a t  s u r f a c e s  of e q u a l  l e n g t h ,  and t h e  e x t e r n a l  expans ion  p o r t i o n  of 
t h e  n o z z l e  geometry c o n s i s t e d  o f  a s i n g l e  a f t  f l a p .  The a f t  f l a p  c o u l d  be v a r i e d  i n  
a n g l e  i n d e p e n d e n t l y  of t h e  upper  i n t e r n a l  expans ion  s u r f a c e  t o  which it w a s  a t t a c h e d .  
The e f f e c t s  of i n t e r n a l  expans ion  r a t io ,  n o z z l e  t h r u s t - v e c t o r  a n g l e  (-30° t o  3 0 ° ) ,  
a f t  f l a p  shape ,  a f t  f l a p  a n g l e ,  and s i d e w a l l  con ta inmen t  w e r e  de t e rmined  f o r  d r y  and 
p a r t i a l  a f t e r h u r n i n g  power s e t t i n g s .  I n  a d d i t i o n ,  a p a r t i a l  a f t e r h u r n i n g  power set-  
t i n g  n o z z l e ,  a f u l l y  deployed  t h r u s t  r e v e r s e r ,  and f o u r  v e r t i c a l  t a k e o f f  o r  l a n d i n g  
n o z z l e  c o n f i g u r a t i o n s  w e r e  i n v e s t i g a t e d .  R e s u l t s  of t h e  s t u d y  have l e d  t o  t h e  
f o l l o w i n g  c o n c l u s i o n s :  
1 .  I n t e r n a l  per formance  f o r  n o z z l e  c o n f i g u r a t i o n s  i n  which t h e  g e o m e t r i c  t h r u s t -  
v e c t o r  a n g l e  w a s  g r e a t e r  t h a n  or e q u a l  t o  z e r o  w a s  t y p i c a l  o f  nonaxisymmetr ic  t w o -  
d i m e n s i o n a l  conve rgen t -d ive rgen t  per formance  i n  t h a t  a s i n g l e  per formance  peak  w a s  
measured.  I n t e r n a l  per formance  data €or n o z z l e  c o n f i g u r a t i o n s  i n  which geometric 
t h r u s t - v e c t o r  a n g l e  w a s  less t h a n  zero g e n e r a l l y  i n d i c a t e d  t w o  r e s u l t a n t  t h r u s t  peaks  
( c h a r a c t e r i s t i c  of e x t e r n a l  expans ion  ramp n o z z l e s ) .  
2.  Nozzle  d i s c h a r g e  c o e f f i c i e n t  w a s  dependen t  on g e o m e t r i c  t h r u s t - v e c t o r  a n q l e  
and power s e t t i n g ,  b u t  n e a r l y  independen t  of whe the r  f l o w  w a s  v e c t o r e d  up  or down. 
3. R e s u l t a n t  t h r u s t  r a t i o  w a s  n e a r l y  i n d e p e n d e n t  o f  g e o m e t r i c  t h r u s t - v e c t o r  
a n g l e .  
4.  The nozz le  of  t h e  p r e s e n t  i n v e s t i g a t i o n  p r o v i d e d  e f f e c t i v e  e x h a u s t  f l o w  t u r n -  
i n g  th roughou t  t h e  e n t i r e  r ange  of g e o m e t r i c  t h r u s t - v e c t o r  a n g l e s .  
5 .  The t h r u s t - r e v e r s e r  c o n f i g u r a t i o n  p r o v i d e d  leve ls  of  r e v e r s e  t h r u s t  w e l l  i n  
e x c e s s  of 5 0  p e r c e n t ;  however, because  of uppe r / lower  port  asymmetry, normal  f o r c e  
and p i t c h i n g  moment were a l s o  g e n e r a t e d .  
6 .  Ver t i ca l  t a k e o f f  or l a n d i n g  n o z z l e  c o n f i q u r a t i o n s  w i t h  t h e  l o n g e s t  f l o w  pas-  
s a g e  i n  t h e  t h r o a t  area p rov ided  t h e  h i g h e s t  l e v e l s  of f l o w  t u r n i n q .  The rounded 
lower f l a p  c o r n e r  p rov ided  s i g n i f i c a n t l y  h i g h e r  n o z z l e  d i s c h a r q e  c o e f f i c i e n t s  t h a n  
t h e  s h a r p  lower f l a p  c o r n e r .  
NASA Langley  Research  C e n t e r  
Hampton, VA 23665-5225 
December 6 ,  1985 
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F i g u r e  3. -  A f t e r b u r n i n g  power n o z z l e  geometry.  L i n e a r  d imens ions  are i n  i n c h e s .  
57 
St, .  4i.13 
/(----------4.37 '1 
\ 
\ 
\ 
I 
I 
I 
1 
I 
I 
I 
I 
- -  
(b) Nozz les  v e c t o r e d  - 1 5 O  and -3OO w i t h  2.7O d i v e r g e n c e  a n g l e .  
F i g u r e  3. -  Cont inued .  
58 
I S t a .  4 1 . 1 3  
T- 
4 . 2 4  5 
3 
I 
JI 4.05 
4 . 3 7  
\ 
i 2 . 1 8  ( t y p . )  
S h o r t  sidewall 
( c )  Nozzles  v e c t o r e d  1 5 O  and 30° with  2.7O d i v e r g e n c e  a n g l e .  
F i g u r e  3.- Concluded. 
59 
I 
I 
I 
I 
/ 
/ 
Figure  4.- P a r t i a l  a f t e r b u r n i n g  power n o z z l e  geometry.  L i n e a r  d i m e n s i o n s  
a r e  i n  i n c h e s .  
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F i g u r e  5.- Dry p o w e r  n o z z l e  geometry.  L i n e a r  d imens ions  are i n  i n c h e s .  
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F i g u r e  5.- Con t inued .  
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F i g u r e  9 .- V e r t i c a l  t a k e o f f  or l a n d i n g  n o z z l e  components,  
L i n e a r  d imens ions  are i n  i n c h e s .  
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F i g u r e  11 . -  L o c a t i o n  of p r e s s u r e  o r i f ices  on t h r u s t - r e v e r s e r  b l o c k e r .  L i n e a r  
dimensions are i n  i n c h e s .  
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(a) Configuration AIFS, dv = 0 0 .  
Figure 13.- Variation of nozzle performance parameters with nozzle pressure ratio 
for three afterburning configurations with several aft flap (flat) angles. 
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Fiqure 13.- Continued. 
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Figure 13.- Continued. 
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( a )  C o n f i g u r a t i o n  A2CS, dV = 0'. 
F i g u r e  14.- V a r i a t i o n  of n o z z l e  performance p a r a m e t e r s  w i t h  n o z z l e  p r e s s u r e  r a t i o  
fo r  two a f t e r b u r n i n g  c o n f i g u r a t i o n s  with s e v e r a l  a f t  f l a p  ( c u r v e d )  a n g l e s .  
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Figure 14 .- Concluded. 
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F i g u r e  15 .- V a r i a t i o n  of nozz le  performance p a r a m e t e r s  w i th  n o z z l e  
p r e s s u r e  r a t i o  f o r  t h r e e  a f t e r b u r n i n g  c o n f i g u r a t i o n s  a t  s e v e r a l  
g e o m e t r i c  v e c t o r  a n g l e s .  
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Figure 15 .- Continued. 
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F i g u r e  1 5 .- Concluded. 
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F i g u r e  17 .- V a r i a t i o n  of nozz le  performance parameters w i t h  n o z z l e  p r e s s u r e  r a t i o  
€or a f t e r b u r n i n g  c o n f i g u r a t i o n s  w i t h  s h o r t  ( c o n f i g u r a t i o n  A3FS) and long  
( c o n f i g u r a t i o n  A3FL) s i d e w a l l s .  6" = 4 . 1 5 ~  and a = 2.7O. 
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( a )  C o n f i q u r a t i o n  P l F S ,  d V  = -0.60°. 
F i g u r e  18 .- V a r i a t i o n  of n o z z l e  per formance  parameters w i t h  n o z z l e  p r e s s u r e  r a t i o  f o r  
t w o  p a r t i a l  a f t e r b u r n i n q  c o n f i g u r a t i o n s  f o r  s e v e r a l  a f t  f l a p  ( f l a t )  a n q l e s .  
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(b) Configuration P2FS, 6" = -4 .750 .  
Figure 18.- Concluded. 
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Figure 19.- Variation of nozzle performance parameters with nozzle pressure ratio f o r  
partial afterhurninq configuration PZCS for several aft flap (curved) anqles. 
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Figure 20.- Variat ion of nozzle performance parameters with nozzle pressure r a t i o  
€ O r  p a r t i a l  a f te rburn ing  configurat ions with f l a t  and curved a f t  f l a p s .  
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F i q u r e  21.-  V a r i a t i o n  of n o z z l e  p e r f o r m a n c e  p a r a m e t e r s  w i t h  n o z z l e  p r e s s u r e  r a t i o  
for t h r e e  u r y  power c o n f i g u r a t i o n s  a t  several  qeometric v e c t o r  a n q l e s  . 
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F i g u r e  21 .- Cont inued .  
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Figure 21 .- Concluded. 
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Figure  22.- V a r i a t i o n  of nozzle  performance parameters with nozzle  p re s su re  r a t i o  
f o r  conf igu ra t ion  DlCS a t  f i v e  geometric vec to r  angles .  
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Fiqure 23.- Variation of nozzle performance parameters with nozzle pressure ratio 
€or dry power thrust-reverser confiquration. 
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nozzle configurations at nozzle pressure ratio of 4.0. 
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